Circulating angiotensin II (ANGII) elicits water intake and activates the hypothalamic-pituitary-adrenal (HPA) axis by stimulating angiotensin type 1 receptors (AT 1 Rs) within circumventricular organs. The subfornical organ (SFO) and the organum vasculosum of the lamina terminalis (OVLT) are circumventricular organs that express AT 1 Rs that bind bloodborne ANGII and stimulate integrative and effector regions of the brain. The goal of these studies was to determine the contribution of AT1Rs within the SFO and OVLT to the water intake and HPA response to increased circulating ANGII. Antisense oligonucleotides directed against the AT 1 R [AT 1 R antisense (AT 1 R AS)] were administered into the OVLT or SFO. Quantitative receptor autoradiography confirmed that AT 1 R AS decreased ANGII binding in the SFO and OVLT compared with the scrambled sequence control but did not affect AT 1 R binding in other nuclei. Subsequently, water intake, ACTH, and corticosterone (CORT) were assessed after administration of isoproterenol, a ␤-adrenergic agonist that decreases blood pressure and elevates circulating ANGII. Delivery of AT 1 R AS into the SFO attenuated water intake, ACTH, and CORT after isoproterenol, whereas similar treatment in the OVLT had no effect. To determine the specificity of this blunted drinking and HPA response, the same parameters were measured after treatment with hypertonic saline, a stimulus that induces drinking independently of ANGII. Delivery of AT 1 R AS into the SFO or OVLT had no effect on water intake, ACTH, or CORT after hypertonic saline. The results imply that AT 1 R within the SFO mediate drinking and HPA responses to stimuli that increase circulating ANGII. (Endocrinology 149: 6416 -6424, 2008) C HALLENGES TO HOMEOSTASIS are met with activation of neural and endocrine systems aimed at alleviating perturbations in the internal environment. One such system, the renin-angiotensin system (RAS), is critically involved in the maintenance of blood pressure and hydromineral balance. Blood loss, hypotension, or sodium depletion activates the RAS and increases circulating levels of angiotensin II (ANGII). ANGII in turn mediates compensatory responses to these perturbations by stimulating angiotensin type 1 receptors (AT 1 Rs) in the periphery and brain. In the periphery, ANGII elicits vasoconstriction and renal sodium reabsorption by binding to AT 1 R on blood vessels. In the brain, ANGII binds to AT 1 R to activate the sympathetic nervous system and hypothalamic-pituitary-adrenal (HPA) axis, and to increase water and sodium consumption (1, 2).
C
HALLENGES TO HOMEOSTASIS are met with activation of neural and endocrine systems aimed at alleviating perturbations in the internal environment. One such system, the renin-angiotensin system (RAS), is critically involved in the maintenance of blood pressure and hydromineral balance. Blood loss, hypotension, or sodium depletion activates the RAS and increases circulating levels of angiotensin II (ANGII). ANGII in turn mediates compensatory responses to these perturbations by stimulating angiotensin type 1 receptors (AT 1 Rs) in the periphery and brain. In the periphery, ANGII elicits vasoconstriction and renal sodium reabsorption by binding to AT 1 R on blood vessels. In the brain, ANGII binds to AT 1 R to activate the sympathetic nervous system and hypothalamic-pituitary-adrenal (HPA) axis, and to increase water and sodium consumption (1, 2) .
Although much is known about the effects of ANGII on vasculature reactivity and renal sodium handling, the central pathways governing behavioral and endocrine responses to ANGII remain unclear. Central AT 1 Rs mediate the water intake and the ACTH secretion resulting from increased circulating ANGII (3, 4) , but the specific brain areas contributing to these responses are undefined. In this regard, recent studies suggest that central AT 1 Rs are capable of eliciting different behavioral responses by stimulating distinct second messenger systems (5) , and it is possible that these receptor populations are anatomically segregated. That is, brain regions expressing AT 1 Rs may make differential contributions to responses initiated by generalized activation of the RAS. Thus, the role of individual brain regions in the mediation of water intake and HPA activation after increased circulating ANGII has not been unequivocally discerned.
Although AT 1 Rs are present in several brain regions (6) , it is believed that circulating ANGII elicits water intake and HPA activation by stimulating AT 1 Rs within forebrain circumventricular organs (CVOs) such as the subfornical organ (SFO) and the organum vasculosum of the lamina terminalis (OVLT). Each expresses AT 1 Rs that bind blood-borne ANGII and stimulate integrative and effector regions of the brain (7) . The goal of the present experiments was to determine the contribution of AT 1 Rs within the SFO or OVLT to the water intake and HPA response that are elicited by increased circulating ANGII. To accomplish this goal, antisense oligonucleotides directed against the AT 1 Rs were administered into the SFO or OVLT, and specific inhibition of AT 1 R expression was confirmed by quantitative receptor autoradiography. Subsequently, water intake, ACTH, and corticosterone (CORT) were measured after administration of isoproterenol, a ␤-adrenergic agonist that decreases blood pressure and greatly elevates circulating ANGII (8 -10) . To determine the specificity of any observed effects, the same parameters were assessed after treatment with hypertonic saline, a stimulus that elicits water intake and HPA activation independent of ANGII. The results indicate that AT 1 Rs within the SFO contribute to the drinking and ACTH/CORT release that follows systemic administration of isoproterenol.
Materials and Methods Animals
Adult male Sprague Dawley rats (Harlan, Indianapolis, IN) weighing 250 -300 g at the beginning of the study were used. Rats arrived at least 2 wks before the onset of the experiment and were individually housed on a 12-h light, 12-h dark cycle (0600 -1800 h) with ad libitum access to pelleted rat chow (LM-485; Harlan Teklad, Madison, WI) and water unless noted otherwise. All procedures were approved by the University of Cincinnati Internal Animal Care and Use Committee. Body weights were monitored throughout the course of the study.
Oligonucleotides
The AT 1 R antisense (AT 1 R AS) was constructed based on the 5Ј-initiation region of the AT 1 R gene; the sequence was 5Ј-AGAAGAGT-TAAGGGCCAT-3Ј. We have found that this sequence selectively reduces AT 1 R expression in the brain as well as ANGII-induced water intake (11, 12) . In addition, those previous studies established that administration of AT 1 R AS does not affect daily fluid intake and that receptor function returns after cessation of antisense treatment. The control oligonucleotide probe was constructed based on a random sequence (5Ј-CCCTTTGAAGGTTCCGAA-3Ј). Oligonucleotide probes were obtained from Oligos Etc., Inc. (Wilsonville, OR).
Stereotaxic surgery
For all experiments rats were anesthetized under ketamine HCl (100 mg/kg body wt, ip; Bristol Laboratories, Syracuse, NY) and acepromazine (1.37 mg/kg body wt, ip; Ayerst Laboratories, Inc., New York, NY); subsequently, microinjection cannulae (Plastics One Inc., Roanoke, VA) were stereotaxically implanted in the SFO (26 gauge) or OVLT (22 gauge). The stereotaxic coordinates from bregma, using a 10°lateral angle from the vertical plane, were as follows: SFO, anterior Ϫ1.2 mm, lateral 1.0 mm, ventral Ϫ5.6 mm; and OVLT, anterior 0.7 mm, lateral 1.0 mm, and ventral Ϫ7.8 mm. One week of recovery was allowed for body weight to return to presurgical levels before testing was initiated.
Confirmation of cannula placement
Behavioral verification. Rats were pulse injected with 1 l of 10 ng ANGII or 0.5 m NaCl into the SFO or OVLT, respectively. Subsequently, water intake was measured for 1 h. Rats that consumed more than 5 ml water in 1 h were considered hits and included in further studies.
Histological verification. At the time of being killed, all rats were pulse injected with 1 l Chicago blue dye, brains were removed and sectioned, and cannula placement was evaluated. If the tract of the guide cannula was not adjacent to the SFO or OVLT and/or caused damage to these or surrounding nuclei, then the subject was excluded from the study.
Biotinylated AT 1 R AS.
A subset of animals (n ϭ 8) was administered (0.25 l/min over 4 min) in the SFO or OVLT with 500 ng/l biotinylated AT1R AS each day for 3 consecutive days to determine the localization of the injection. Three hours after the final injection, rats were anesthetized with an overdose of sodium pentobarbital and perfused with 200 ml 0.9% NaCl that included 200 U sodium heparin at room temperature, followed by 500 ml cold 4% paraformaldehyde in 0.1 m phosphate buffer (pH 7.4). The brains were removed, blocked, and postfixed overnight in the same fixative. Brains were cut into 40 m coronal sections on a cryostat and frost mounted onto microscope slides. Subsequent immunohistochemical processing involved washing the sections three times for 5 min in the 0.1 m Tris-buffered saline (TBS) (pH 7.5). They were then incubated for 30 min with 2% normal goat serum and 0.2% Triton X-100 in 0.1 TBS. The sections were washed again in TBS for 5 min then incubated in Strep-avidin-horseradish peroxidase (1:3000) diluted in 2% normal goat serum-TBS for 2 h. The sections were then washed in TBS, and the final staining of the sections was achieved with 50 mg 3.3Ј diaminobenzidine tetrahydrochloride in 100 ml TBS with 20 l 30% H 2 O 2 for 5 min, followed by three TBS rinses. Sections were finally dried, dehydrated, and coverslipped. Subsequently, the distribution of the injection and the integrity of the nuclei were qualitatively examined.
Receptor autoradiography
One week after behavioral testing of cannula placement, rats were injected (0.25 l/min over 4 min) in the SFO or OVLT with 500 ng/l AT 1 R AS or the scrambled sequence control (scram) once daily in the morning for 3 consecutive days. Our previous studies have found this concentration of AT 1 R AS to maximally decrease ANGII-induced water intake when administered into the third ventricle (12) . Three hours after the final injection, rats were killed, brains were removed, frozen in dry ice, sectioned at 20 m, and stored at Ϫ80 C. Receptor autoradiography was performed as previously described (13) . Briefly, sections were dried and preincubated in 50 mm Tris (pH 7.4), 150 mm 0.15 NaCl, 10 mm MgCl 2 , and 0.2% BSA for 30 min at room temperature. Slides then were immersed for 1 h in fresh buffer to which 0.1 trypsin inhibitor unit/ml aprotinin, 0.1 mg/ml 1, 10-phenanthroline, and 0. 
Image analysis
Films were quantified using computer-assisted densitometry (Scion Image 1.62; Scion Corp., Frederick, MD). Tissue background readings were subtracted from gray scale values from the region of interest. Gray scale values were converted into OD and averaged, providing one mean value per region per animal. To prevent sampling errors, OD measurements were averaged over at least three consecutive sections from each nucleus. Values were converted from OD and expressed as fmol/mg protein (14) .
Blood sampling for analysis of plasma-renin activity (PRA)
A separate cohort of rats was used to determine the effect of AT1R AS, isoproterenol, and 2 m NaCl on PRA, an indicator of circulating levels of ANGII. Rats were injected in the SFO or OVLT with 500 ng/l (0.25 l/min over 4 min) AT 1 R AS or scram once daily in the morning for 3 consecutive days. Three hours after the last injection, rats were given isoproterenol (30 g/kg sc) or 2 m NaCl (1 ml sc), and water bottles were removed. Fifteen minutes later, rats were killed, and trunk blood samples were collected in chilled tubes containing EDTA. Sampling began at 1000 h during the light phase, and samples were centrifuged at 4 C at 3500 rpm. Subsequently, plasma was stored at Ϫ80 C until analysis of PRA via RIA.
Water intake
Rats were injected (0.25 l/min over 4 min) in the SFO or OVLT with 500 ng/l AT 1 R AS or scram once daily in the morning for 3 consecutive days. Three hours after the last injection, rats were given isoproterenol (30 g/kg sc). Rats then were given access to water, and intakes were recorded after 2 h. Experiments examining isoproterenol-induced water intake used a counterbalanced within-subjects design with 10 d between trials. Specifically, administration of AT1R AS and scram were counterbalanced. To determine the specificity of any observed effects, a separate cohort of rats was run through a similar experiment, but a between-subjects design was used, and water intake was elicited by injection of 2 m NaCl (1 ml sc).
Blood sampling for analysis of HPA response
A separate cohort of rats was used to determine the role of central AT 1 R in the HPA response to isoproterenol or 2 m NaCl, and these studies used a between-subjects design. Rats were injected in the SFO or OVLT with 500 ng/l (0.25 l/min over 4 min) AT 1 R AS or scram once daily in the morning for 3 consecutive days. Three hours after the last injection, rats were given isoproterenol (30 g/kg sc) or 2 m NaCl (1 ml sc), and water bottles were removed. Tail blood samples (250 -300 l) were gently taken at 0, 15, 30, 60, and 120 min. Specifically, the distal 0.5 mm of the tail was removed using a sterile scalpel blade, and blood was allowed to drain directly into a chilled microcentrifuge tube containing EDTA. Using this method, adequate samples can be obtained in approximately 1-2 min, and serial samples are taken by gently removing the clot at the tip of the tail with a sterile piece of gauze. Previous studies have found that blood sampling using this method does not confound ACTH and CORT measurements during acute stress studies, and produces results similar to those obtained from venous catheter sampling (15) . Blood sampling began at 1000 h during the light phase, and samples were centrifuged at 4 C at 3500 rpm. 
RIA

Statistical analyses
All data are expressed as means Ϯ sem. Data were analyzed using Statistica (StatSoft, Inc., Tulsa, OK). ANGII binding, 2 m NaCl-induced water intake, and area under the curve (AUC) were analyzed using a one-factor ANOVA with treatment (AS or scram) as the factor. Isoproterenol-induced water intake was assessed using a repeated measures ANOVA with treatment (AS or scram) as the factor. PRA was assessed using a factorial ANOVA with region (SFO or OVLT), treatment (AT1R AS or scram), and condition (isoproterenol or 2 m NaCl) as the factors. Plasma levels of CORT and ACTH were assessed using a two-factor repeated measures ANOVA with treatment (AS or scram) and time as the factors. Main effects or interactions (P Ͻ 0.05) were assessed with StudentNewman-Keuls tests. Figures 1 and 2 depict the labeling observed after three daily injections of biotinylated AT 1 R AS in the SFO or OVLT, respectively. As can be seen, despite the close apposition of the guide cannula to the regions of interest, these nuclei remain intact. Qualitative analysis found that labeling of AT1R AS was most concentrated in the SFO or OVLT but also slightly diffused into surrounding brain regions. Accordingly, quantitative receptor autoradiography was performed to determine the effect of AT 1 R AS on ANGII binding in the SFO or OVLT, relative to other forebrain regions expressing angiotensin receptors.
Results
Biotinylated AT 1 R AS
ANGII receptor binding
Delivery of AT 1 R AS into the SFO (n ϭ 9) significantly reduced [F (1, 16) ϭ 34.4; P Ͻ 0.0001] AT 1 R binding in this nucleus when compared with that of rats given the scrambled sequence control (n ϭ 9; Fig. 3, A and B) . However, as seen in Fig. 4A , injection of AT 1 R AS into the SFO had no effect on ANGII binding in other forebrain nuclei expressing AT 1 R. Similarly, administration of AT 1 R AS into the OVLT (n ϭ 7) significantly reduced [F (1, 15) ϭ 24.0; P Ͻ 0.001] AT 1 R binding in this nucleus when compared with that of rats given the scrambled sequence control (n ϭ 10; Fig. 3 , B and C), and injection of AT 1 R AS into the OVLT had no effect on ANGII binding in other forebrain nuclei (Fig. 4B) . As we have previously found (13), angiotensin type 2 receptor binding was not detected in the nuclei examined. Figure 5 shows PRA after administration of isoproterenol or 2 m NaCl in rats given AT1R AS or scram in the SFO or OVLT. As can be seen, there was an effect of condition with isoproterenol significantly increasing (P Ͻ 0.01) PRA when compared with 2 m NaCl. There was no effect of region or treatment with rats given AT1R AS or scram in the SFO or OVLT having similar PRA. 
PRA after isoproterenol or 2 M NaCl
Water intake elicited by isoproterenol or 2 M NaCl
Figure 6A depicts isoproterenol-induced water intake of rats given AT 1 R AS or scram into the SFO or OVLT. Administration of AT 1 R AS in the SFO significantly decreased water intake after isoproterenol [F (1, 7) ϭ 17.0; P Ͻ 0.01] when compared with scram-treated controls. However, similar administration into the OVLT had no such effect [F (1, 9) ϭ 1.29; P ϭ 0.28], with rats given AT 1 R AS and scram consuming similar amounts of water after isoproterenol. It should be noted that this experiment used a mixed withinsubjects design and demonstrates that AT 1 R function returns 10 d after antisense administration. Thus, the decreased water intake observed after antisense administration is the result of selective inhibition of AT 1 Rs and is not the consequence of damage to these nuclei or the surrounding neuropil. To determine the specificity of the blunted drinking response, we examined water intake elicited by 2 m NaCl. Delivery of AT 1 R AS into the SFO or OVLT had no effect on water intake induced by 2 m NaCl (Fig. 6B) . Figure 7A depicts the ACTH response to isoproterenol in rats given AT 1 R AS (n ϭ 6) or scram (n ϭ 6) into the SFO. Fig. 7A , inset]. To determine the specificity of this blunted response, ACTH was assessed after administration of 2 m NaCl in rats given AT 1 R AS (n ϭ 10) or scram (n ϭ 10) into the SFO. As expected, there was an effect of time [F (4, 72) ϭ 16.41; P Ͻ 0.001] with 2 m NaCl significantly increasing ACTH above baseline at 15 and 30 min (P Ͻ 0.001; Fig. 7B ). However, similar to what occurred with water intake, AT 1 R AS in the SFO had no effect on the ACTH response to 2 m NaCl. When AUC was examined, there were also no differences (Fig. 7B, inset) . To determine the influence of AT 1 R within the SFO on another level of the HPA axis, CORT was measured after isoproterenol. As can be seen in Fig. 7C , isoproterenol treatment produced an effect of time [F (4, 64) ϭ 66.65; P Ͻ 0.001] on CORT. Specifically, isoproterenol significantly increased (P Ͻ 0.001) CORT above baseline at 15, 30, and 60 min in rats given AT 1 R AS into the SFO, whereas levels in rats given scram were significantly increased (P Ͻ 0.001) above basal levels at 15, 30, 60, and 120 min. There also was an effect of treatment [F (1, 16) ϭ 33.61; P Ͻ 0.001] on the CORT response to isoproterenol. Post hoc analysis revealed that AT 1 R AS delivered into the SFO significantly decreased CORT at 30, 60, and 120 min (P Ͻ 0.05) when compared with that of rats administered scram. In addition, rats treated with AT 1 R AS into the SFO had a significantly smaller AUC when compared with their scram-treated counterparts [F (1, 18) ϭ 6.82; P Ͻ 0.05; Fig. 7C, inset] . Once again, to determine the specificity of these effects, we examined CORT after administration of 2 m NaCl. As expected, there was an effect of time [F (4, 76) ϭ 33.7, P Ͻ 0.001] on the CORT response to 2 m NaCl, with significant increases (P Ͻ 0.05) from baseline occurring at 15, 30, 60, and 120 min. However, there was no effect of treatment with rats given AT 1 R AS or scram into the SFO, having similar increases in CORT after 2 m NaCl (Fig. 7D ). There were also no differences in the AUC (Fig. 7D, inset) . We also evaluated the contribution of AT 1 R within the OVLT to the HPA response to isoproterenol or 2 m NaCl. Administration of isoproterenol produced an effect [F (4, 36) ϭ 21.2; P Ͻ 0.001] of time on ACTH, with significant increases (P Ͻ 0.05) above basal levels occurring at 15, 30, and 60 min (Fig. 8A) . The increase of ACTH was similar in rats given AT 1 R AS (n ϭ 4) or scram (n ϭ 7) into the OVLT. There were no differences in the AUC (Fig. 8A, inset) . Administration of 2 m NaCl produced an effect of time on ACTH levels [F (4, 64) ϭ 17.1; P Ͻ 0.001], with 2 m NaCl significantly increasing (P Ͻ 0.05) ACTH above baseline at 15 and 30 min. There was no effect of treatment, with rats given AT 1 R AS (n ϭ 9) or scram (n ϭ 8) into the OVLT having similar increases in ACTH after 2 m NaCl. There were also no differences in the AUC (Fig. 8B, inset) .
HPA response to isoproterenol or 2 M NaCl
To determine the influence of AT 1 R within the OVLT on another level of the HPA axis, CORT was measured after isoproterenol or 2 m NaCl. Figure 8C depicts the CORT response to isoproterenol in rats given AT 1 R AS (n ϭ 9) or scram (n ϭ 11) into the OVLT. There was an effect of time [F (4, 64) ϭ 38.46, P Ͻ 0.05], with isoproterenol significantly increasing (P Ͻ 0.05) CORT above baseline at 0, 15, 30, 60, and 120 min. There was no effect of treatment, with rats given AT 1 R AS or scram into the OVLT having similar increases in CORT after isoproterenol. There were also no differences in the AUC (Fig. 8C, inset) . Figure 8D depicts the CORT response to 2 m NaCl in rats given AT 1 R AS (n ϭ 9) or scram (n ϭ 9) into the OVLT. There was an effect of time [F (4, 64) ϭ 15.7; P Ͻ 0.001], with 2 m NaCl significantly increasing (P Ͻ 0.05) CORT above baseline at 15, 30, and 60 min. There was no effect of treatment, with rats given AT 1 R AS or scram into the OVLT having similar increases in CORT after 2 m NaCl. There were also no differences in the AUC (Fig. 8D, inset) .
Discussion
The goal of these experiments was to evaluate the role of central AT 1 Rs in the drinking and HPA responses to increased circulating ANGII. Antisense oligonucleotides directed against the AT 1 R administered into either the SFO or the OVLT significantly decreased ANGII binding in each nucleus. However, only inhibition of AT 1 Rs in the SFO blunted the drinking and HPA responses in paradigms where circulating ANGII was increased, whereas similar inhibition of binding of these receptors in the OVLT had no such effect. Moreover, knockdown of AT 1 Rs in these CVOs did not affect the drinking or the HPA response to administration of 2 m NaCl. Together, these results strongly imply that the AT 1 Rs in the SFO mediate both the drinking and HPA response that accompany elevated circulating ANGII. To our knowledge, this study demonstrates for the first time that endogenously generated ANGII specifically acts on AT 1 Rs within the SFO to elicit activation of the HPA axis.
ANGII is a major player in body fluid homeostasis, and administration of the ␤-adrenergic agonist, isoproterenol, greatly increases endogenous levels of this peptide (8 -10) . Although the drinking that follows extreme hypotension may be mediated, in part, by baroreceptor activation (17) , drinking elicited by isoproterenol is believed to be dependent on increased circulating ANGII because interference with the biosynthesis of ANGII markedly reduces the elicited water intake. Specifically, isoproterenol-induced water intake is abolished by nephrectomy, which eliminates RAS activation during hypotension (18, 19) . Moreover, pharmacological in- hibition of the biosynthesis of ANGII or angiotensin receptors greatly reduces ␤-adrenergic drinking (4, 20 -23) . Finally, a more recent study demonstrates that hydralazine administration, which causes hypotension but disrupts the formation of circulating ANGII, does not produce a significant water intake (8) . Thus, several studies from different laboratories strongly suggest that the drinking response accompanying administration of isoproterenol is dependent on increased circulating ANGII binding to AT 1 Rs.
Isoproterenol-elicited Fos induction in the SFO and OVLT can be significantly reduced by peripheral pretreatment with AT 1 R antagonists (24) , and these findings suggest that increased circulating ANGII stimulates AT 1 Rs in the SFO or OVLT, which in turn, activates the central pathways mediating water intake. In the present study, administration of AT 1 R AS significantly reduced ANGII binding in the SFO and OVLT but did not affect binding in other forebrain nuclei expressing angiotensin receptors. In this regard, inhibition of AT 1 Rs in SFO, but not in OVLT, significantly attenuated isoproterenol-induced water intake. To determine the specificity of this blunted response, we examined drinking after 2 m NaCl, which elicits a water intake comparable to isoproterenol, but does so independently of circulating ANGII. Interestingly, water intake after 2 m NaCl was unaffected by AT 1 R AS, thereby demonstrating that the blunted intake is specific to ANGII-induced thirst. These results are consistent with those of previous research that used lesion and pharmacological approaches to determine the site of action for isoproterenol-induced drinking (19, 25) .
Thus, we demonstrate that AT 1 R AS can be used to inhibit ANGII binding in specific nuclei and produce results that are consistent with the existing literature, thereby allowing the use of this technique to determine the role of central AT 1 Rs in the HPA response to injection of isoproterenol or 2 m NaCl.
Hypotension and dehydration are physiological stressors that elicit activation of the HPA axis (26, 27) . Briefly, physiological and psychological stressors trigger activation of the medial parvocellular neurons within the hypothalamic paraventricular nucleus (PVN). These neurons project to the median eminence and secrete CRH into the portal vascular system to stimulate the synthesis of proopiomelanocortin, which is subsequently processed into ACTH. ACTH is released into the blood from the anterior pituitary and causes the adrenal gland to secrete CORT into the systemic circulation where it gains access to and binds to glucocorticoid receptors in various tissues. Alternatively, sympathetic innervation of the adrenal may influence the release of CORT by altering sensitivity to ACTH or by modulating glucocorticoid secretion directly through a neural mechanism (28, 29) . Water intake after injection of isoproterenol (top) or 2 M NaCl (bottom). A, AT 1 R AS given into the SFO significantly attenuates 2 h isoproterenol-elicited water intake. *, Significantly different from scram (P Ͻ 0.05). B, AT 1 R AS given into the SFO or OVLT has no effect on amount of water consumed 2 h after injection of 2 M NaCl.
Anatomical, pharmacological, and electrophysiological studies have implicated the SFO as a contributor to HPA axis activation. The SFO has numerous projections to the subdivisions of the PVN, including the medial parvocellular neurons that govern HPA activation (30, 31) . The connectivity of the SFO, considered in conjunction with its incomplete blood-brain barrier, suggests that circulating hormones act on receptors in this nucleus to elicit secretion of CRH and FIG. 8. HPA response to isoproterenol (left) or 2 M NaCl (right). A, AT 1 R AS delivered into the OVLT had no effect on the ACTH response to isoproterenol. B, AT 1 R AS in the OVLT has no effect on the ACTH response to 2 M NaCl. C, AT 1 R AS in the OVLT has no effect on the CORT response to isoproterenol. D, AT 1 R AS in the OVLT has no effect on the CORT response to 2 M NaCl.
FIG. 7.
HPA response to isoproterenol (left) or 2 M NaCl (right). A, AT 1 R AS delivered into the SFO significantly decreases the ACTH response to isoproterenol. *, Significantly different from AT 1 R AS (P Ͻ 0.05); a, significantly different from scram (P Ͻ 0.05). B, AT 1 R AS in the SFO has no effect on the ACTH response to 2 M NaCl. C, AT 1 R AS delivered into the SFO significantly decreases the CORT response to isoproterenol. *, Significantly different from AT 1 R AS (P Ͻ 0.05); a, significantly different from scram (P Ͻ 0.05). D, AT 1 R AS in the SFO has no effect on the CORT response to 2 M NaCl.
ACTH. In this regard, iv injection of ANGII produced dosedependent elevations in ACTH release and CRH content of the median eminence; however, these increases were reduced or abolished by peripheral administration of the angiotensin receptor antagonist, saralasin, which inhibits ANGII binding in CVOs (3) . Subsequent electrophysiological studies demonstrated that stimulation of the SFO by ANGII elicited activation of medial parvocellular neurons in the PVN and increased circulating ACTH (32, 33) . Together, these studies suggest that circulating ANGII acts on the SFO to contribute to activation of the HPA axis, although whether this actually occurs after stressors that activate the RAS remains to be discerned.
In the present study, AT 1 R AS delivered into the SFO significantly reduced ACTH and CORT after isoproterenol, and this is consistent with the hypothesized role of the SFO in the mediation of the HPA response to stressors that activate the RAS. Although central AT 1 Rs have been implicated in the HPA response to a variety of stressors (34), our results suggest that separate populations of these receptors differentially contribute to this response. Inhibition of AT 1 Rs in the SFO had no effect on the HPA response to 2 m NaCl, indicating that these receptors specifically contribute to the increase in ACTH and CORT that follows increased circulating ANGII. Reduced AT 1 R binding in the OVLT did not affect HPA activation after isoproterenol or 2 m NaCl, suggesting that this degree of inhibition does not influence the HPA response. Rather, the AT 1 Rs in the OVLT have been implicated in the salt intake and vasopressin secretion that follows increased circulating ANGII (35, 36) . It should be noted that AT 1 Rs have been localized to parvocellular neurons in the PVN with identified projections to the median eminence, and such neurons often contain CRH (37) . Although the AT 1 Rs in the PVN can be activated by angiotensinergic projections from the SFO (38) , it is unlikely that these receptors bind blood-borne ANGII. Therefore, it is likely that the AT 1 Rs in the PVN contribute to the release of ACTH after a variety of other kinds of stressors, whereas those within the SFO specifically mediate responses to increased circulating ANGII.
In addition to eliciting drinking and stimulating the HPA axis, ANGII is a potent activator of the sympathetic nervous system. Given that stressors that activate the sympathetic nervous system can directly influence the secretion of CORT by acting on the adrenal, it is possible that inhibition of central AT 1 Rs blunt the release of CORT by dampening the influence of ANGII on sympathetic outflow. However, it is unlikely that the attenuated CORT that we observed in animals given AT 1 R AS in the SFO was solely the result of dampened sympathetic nerve activity because ACTH release, which also drives CORT secretion, was attenuated as well. That is, the blunted HPA activation that occurred after isoproterenol is likely due, in part, to the decreased ANGIIinduced stimulation of CRH containing neurons in the PVN.
Although isoproterenol and 2 m NaCl were comparable elicitors of water intake, isoproterenol was a more potent activator of the HPA axis. Specifically, administration of each stimulus significantly increased ACTH and CORT above basal levels, but isoproterenol was approximately three times more effective at doing so. It is possible that the contribution of AT 1 Rs in the SFO is only revealed when stressors that potently activate the HPA axis are used. However, such stressors increase renal sympathetic nerve activity (39, 40) , which in turn, activates the RAS (41) . Thus, elevated circulating ANGII likely accompanies robust activation of the HPA axis, thereby making it difficult to delineate these effects.
In contrast to the water intake that follows isoproterenol or 2 m NaCl, the HPA response associated with administration of these stimuli cannot be solely attributed to increased circulating ANGII or osmotic dehydration, respectively. Hypotension elicits activation of brainstem neurons with identified projections to the PVN (42) , and it is generally accepted that this pathway has an excitatory influence on the HPA axis. Similarly, it is unclear whether osmotic dehydration is solely responsible for the HPA response that follows 2 m NaCl injection. Although osmotic dehydration increases ACTH secretion in horses (43) , increased plasma osmolarity suppresses activation of the HPA axis in rats (44) . Therefore, it is likely that the HPA response that we observed after administration of hypertonic saline is attributed, in part, to the pain of the injection, consistent with another study using this paradigm (45) . However, regardless of the complexity of the stimuli that we used, our results clearly demonstrate that inhibition of AT 1 Rs in the SFO blunted the HPA response to a stressor that greatly increases circulating ANGII (i.e. isoproterenol) but had no effect on ACTH and CORT release after acute hypernatremia (i.e. 2 m NaCl), which suppresses activation of the RAS (46) . Thus, the blunted ACTH and CORT that accompanied administration of AT 1 R AS into the SFO is specific to a stressor that increased circulating ANGII.
In summary, inhibition of AT 1 Rs in the SFO reduced the drinking and HPA responses to increased circulating ANGII. This effect was specific to AT 1 Rs in the SFO because similar inhibition of AT 1 Rs in the OVLT had no such effect. Moreover, water intake and HPA activation induced by 2 m NaCl was unaffected by AT 1 R AS, suggesting that AT 1 Rs in the SFO selectively influence responses to increased circulating ANGII. Collectively, our results indicate that the AT 1 Rs in the SFO mediate compensatory behavioral and endocrine responses to stressors that produce activation of the RAS.
